Introduction
Pigs are recognized as a potential source for the generation of pandemic influenza viruses in humans and are known to be susceptible to influenza viruses of human, avian, and swine origin. [1] [2] [3] The recent emergence and widespread transmission among humans of the 2009 pandemic influenza A (H1N1) virus that shares genes from two different lineages of contemporary swine influenza viruses underscores the potential public health threat of influenza virus evolution and reassortment in pigs. 4 While influenza is generally a self-limited febrile respiratory illness in adult pigs, it can result in decreased growth and high mortality in suckling pigs <1 week of age. 5 Because of the unique susceptibility of pigs to both avian and human viruses, 6, 7 pigs have been considered a ''mixing vessel'' or intermediary for interspecies genetic reassortment of influenza viruses. [1] [2] [3] Although US commercial swine are frequently vaccinated against influenza, the vaccines are of limited efficacy and influenza viruses are endemic among pig herds in North America and elsewhere. 4, 8 Until 1998, only classical swine H1N1 influenza viruses, which are antigenically and genetically distinct from human seasonal H1N1 viruses but share the same origin as the 1918 ''Spanish Flu'' pandemic strain, circulated widely among North American swine. 4, 9 Since that time, new triple-reassortant viruses containing influenza virus genes of human, avian, and swine origin, including H1N1, H1N2, and H3N2 subtypes, emerged in North American swine herds and have become predominant. 10, 11 Sporadic human infections with classical influenza A (H1N1) and with triple-reassortant viruses have been reported, but few infections have been documented in occupationally exposed swine workers (SW). 12, 13 In contrast, serologic studies have demonstrated higher antibody levels to H1 swine viruses among SW compared to other populations. [14] [15] [16] [17] However, exposure to contemporary swine H3 influenza viruses, with HA gene derived from recent human influenza viruses, may be difficult to detect on a serologic basis because of their cross-reactivity with H3 viruses circulating in humans. 14 Surveillance tailored to evaluate the risk of interspecies transmission of influenza viruses between pigs and people does not occur routinely, and systematic studies on swineto-human interspecies transmission are very limited. No studies, to our knowledge, have been conducted with prospective surveillance among both humans and pigs in parallel. Our study of occupationally exposed SW and the pigs under their care was conducted during the 2002-2004 influenza seasons, soon after the emergence of influenza virus subtype diversity among North American pigs. Our goals were to concurrently assess the diversity of influenza viruses among pigs and people and evaluate risk factors for transmission of influenza viruses between pigs and humans.
Methods

Enrollment
A 2-year prospective cohort study of transmission of influenza viruses between pigs and SW was conducted during two successive seasons, September to May 2002-2004. The study was approved by the CDC Institutional Review Board for human subjects research protection. SW aged 18 or older who in the course of work duties entered buildings where pigs were housed an average of one or more times per week were invited to participate. SW were recruited from approximately 200 individuals who worked for a single pork production company in Iowa. The company's facilities included approximately 275 nursery and farrowing swine production facilities ranging from 1000 to 10 000 pigs per site. After written informed consent was obtained, baseline demographic information, health and influenza vaccination history, and the extent and nature of swine exposure were assessed at study enrollment.
Serum samples
Blood samples were collected from SW at the beginning (S1 collected in the fall) and end (S2 collected in the spring or summer) of each study year. A third sample was collected 2 weeks after influenza vaccination (V1) among SW who elected to be vaccinated with human seasonal influenza vaccine during the study. Influenza vaccine for SW was not provided as part of the study. To assess the seroprevalence of antibody against swine and human influenza viruses for SW relative to a non-SW comparison population (CP), serum samples from two urban Iowa blood donors were obtained for each SW. CP samples, collected in the spring to correspond with the S2 collection dates for SW, were age-matched to within 5 years of each SW. Only age group information was available on CP, and, thus, vaccination and prior pig exposure status were not known. Sera from CP and SW were tested for antibodies to three contemporary human and six swine influenza viruses.
Influenza-like illness (ILI) surveillance
SW were asked to report respiratory illnesses developing during the study to the study coordinator. In addition, active surveillance for ILI, defined as acute onset of feverishness or measured temperature ‡100°F and cough, sore throat, or rhinitis, was conducted through biweekly surveys of SW sent via email. SW had secure access to this email at onsite computers. Illness information and a respiratory specimen for viral culture were collected from SW reporting ILI symptoms within 5 days of illness onset.
The swine production company monitored herds for ILI outbreaks in the pigs using their routine practices which included alerting company veterinarians during suspected outbreaks. Swine respiratory specimens from pigs were tested by real-time RT-PCR (rRT-PCR) and viral culture; influenza virus isolates were antigenically characterized. These isolates were used as a guide in the selection of viruses for serologic testing of the human sera.
Laboratory testing
Nasopharyngeal swabs from SW tested at the Iowa State Department of Health Laboratory and swine nasal swabs tested at the University of Wisconsin, were inoculated into MDCK cells for virus isolation; antigenic characterization of viruses was conducted using hemagglutination inhibition (HI). Serum samples from SW and the CP were tested for antibody to the selected virus strains using HI serologic assay. The HI serologic assay was conducted using the methods specified by Kendal AP, Pereira MS, Skehel J (1982). Concepts and procedures for laboratory-based influenza surveillance. Geneva, World Health Organization, copies of which are available from the WHO Collaborating Centre for Surveillance, Epidemiology and Control of Influenza, CDC, Atlanta, GA, USA.
Sera were RDE treated to remove non-specific inhibitors. The HI assay was run using twofold serial dilutions of antisera. The HI titer was the last dilution of antisera that 
Data analysis
SW data were entered into a Microsoft Access 2000 database. The laboratory results and the epidemiologic data were analyzed using Epi-Info version 3.4.1 (CDC, Atlanta, GA, USA) and SAS version 9.1 (SAS Institute, Inc., Cary, NC, USA) software. Seropositivity was defined as an HI antibody titer of ‡1:40 in any blood sample collected from SW or from the single sample from each member of the CP sera. SW seroconversion was defined as a fourfold rise in HI antibody titer between the S1 and S2 or post-vaccination blood samples, or between post-vaccination and S2 blood samples of participants. A comparison between the proportion of S2 samples from SW and the proportion of CP samples that were seropositive for antibodies against the selected viruses and stratified by age was performed using an exact logistic regression model. Average geometric mean titers (GMTs) between SW and the CP were stratified by age group and compared using a general linear model test with a Tukey adjustment for multiple comparisons. A chi-square univariate analysis was performed to examine the association between influenza vaccine and swine exposure with seropositivity or seroconversion.
Results
During the first study year, 88 of 104 SW completed the study and 210 CP serum samples were available for comparison. During the second study year, 61 first year SW reenrolled and 36 enrolled for the first time; a total of 76 of 97 (78%) completed the second year of the study, and 202 CP serum samples were available for comparison. Completion was defined as providing an end of study year blood sample (S2). Table 1 summarizes selected baseline characteristics, vaccine exposure history, and swine exposure of the SW who completed each year of the study as reported at the time of enrollment. Vaccination with seasonal human influenza vaccine (Vaccine -During study year) was assessed both at enrollment and during the study, and exposure to sick pigs (Swine exposure -Sick pigs) was assessed through SW responses to biweekly surveys during the study.
SW were enrolled, and baseline blood samples (S1) were obtained during September 25-November 29 (median date, November 13) and during July 7-December 1 (median date, August 27) during the first and second study years, respectively. By study year, the median ages of SW were 37 (range, 19-71) years and 39 (range, 20-72) years; the majority of SW were men (78% and 83%, respectively); 55 (62%) and 40 (53%) reported tobacco use during the preceding year; and 13 (15%) and 10 (13%) reported a chronic illness.
Exposures to human and swine influenza vaccines
Vaccination with seasonal human influenza vaccine during the study year was reported by 28% (year 1) and 24% (year 2) of SW and during the 5 years preceding the study year by 54% (year 1) and 50% (year 2). Few SW reported vaccination with the 1976 swine influenza vaccine [6% (year 1) and 5% (year 2)].
SW involved in vaccination of pigs with swine influenza vaccine reported occasional accidental needle sticks with the vaccine intended for pigs. In the first year of the study, 4% reported a history of needle stick, while in the second year 14% reported a history of needle sticks.
*Virus stock had some evidence for a mixed isolation of both H1N1 (predominant) and H3N2 (minor component) swine viruses. 
Exposures to pigs
The median number of hours ⁄ week that SW typically worked with pigs was 40 (range, 2-70) and 36 (range, 0AE3-70) during the first and second years of the study, respectively. Few SW had worked with pigs for less than a year at the time of enrollment [11% (year 1) and 10% (year 2)]; the majority had 5 or more years of occupational swine exposure [63% (year 1) and 68% (year 2)]. Most SW touched pigs more than once daily [91% (year 1) and 88% (year 2)]. Some SW [22% (year 1) and 20% (year 2)] lived within a mile of a swine farm. In addition to swine exposure at work, 28% (year 1) and 43% (year 2) reported touching non-company pigs in other settings. During study year 1, 42%, and during year 2, 46% of participants reported in at least one biweekly survey that company pigs under their care exhibited clinical signs of respiratory illness.
The age categories, and swine and vaccination exposure were compared for SW who completed versus SW who did not complete the study. No statistically significant differences were found among SW during the first year. During the second year, SW who did not complete the study were significantly more likely to have had <1 year of swine experience at the time of enrollment (P = 0AE0004) than SW who completed the study. In comparing the characteristics of re-enrollees and new enrollees for the second year of the study, no significant differences were found (P > 0AE05).
Human influenza-like illness surveillance Figure 2 summarizes the active ILI surveillance conducted during year 1 and 2 study periods beginning during week 38 of the calendar year and ending during week 21 of the following year. All of the SW who completed the study (i.e., those providing the end of season serum sample) responded to all biweekly questionnaires. There were 42 positive responses to having human ILI in the biweekly survey during the first year, 15 SW illness episodes were reported within 5 days of illness onset, met the ILI definition, and had a completed illness report form and the Serology Table 2 summarizes the proportion of SW seropositive for antibodies to human and swine viruses in any blood sam- During the first study year, SW seropositivity to swine viruses was associated with vaccination with seasonal human influenza during the study year or during the 5 preceding years (P < 0AE05); however, no significant associations were found during the second year (data not shown). Univariate analysis found no association between SW seropositivity to any study virus during either study year with SW health status, extent of exposure to pigs, or report of prior accidental injection with swine influenza vaccine.
Among (Table 3) . During the first study year, a total of 10 SW seroconverted to swine viruses. Eight of the seroconverters were vaccinated with human seasonal influenza and all 8 seroconverted from the pre-vaccination sample to the post-vaccination sample and none seroconverted from the post-vaccination to the post-season sample. The two SW who seroconverted only to swine viruses had a titer rise from 5 to 20 [Sw ⁄ WI ⁄ 238 ⁄ 97 (cH1N1), Sw ⁄ IA ⁄ H02NJ56371 ⁄ 02 (trH1N1), and Sw ⁄ IA ⁄ -H02AS8 ⁄ 02 (trH3N2) for one participant; Sw ⁄ IN ⁄ 9K035 ⁄ 99 (trH1N2) for the other participant] and neither received seasonal human influenza vaccine.
During the second study year, 17 of the 18 SW who seroconverted to swine viruses also seroconverted to a human virus with an equivalent or higher titer; 7 of the 17 SW had received seasonal human influenza vaccine during the study year. The one SW who seroconverted only to a swine virus had a titer rise 5 to 20 to the Sw ⁄ IA ⁄ H02NJ56371 ⁄ 02 virus (trH1N1) and did not receive the seasonal human influenza vaccine. Seroconversions were predominantly against H3N2 viruses among unvaccinated SW, with 29% of unvaccinated SW seroconverting against Table 2 . Proportion of swine workers (SW) and comparison population with antibody titers of >1:40 against selected human and swine influenza viruses and the proportion of SW who seroconverted to any of the selected viruses during each study year SW, swine worker participants; CP, comparison population; OR, exact odds ratio; CI, confidence interval; c, classical swine H1N1 virus lineage; tr, triple-reassortant virus lineage; hu, human virus lineage; sp, seropositive; sc, seroconversion; HI, hemagglutination inhibition. *SW sp: seropositive serum sample defined as an antibody titer of ‡1:40 in any blood sample. **CP sp: seropositive defined as an antibody titer of ‡1:40 in the single blood sample. ***Exact logistic regression model generated odds ratio of SW end of season sample (S2) and CP adjusted by age group. SW sc: seroconversion defined as a fourfold or greater rise in HI titer between the initial and end of season or post-vaccination blood samples (S1-S2, S1-V1), or between post-vaccination and end of season blood samples (V1-S2) of participants for vaccinated workers, and between the S1 and S2 samples for unvaccinated workers Virus stock had some evidence for a mixed isolation of both H1N1 (predominant) and H3N2 (minor component) swine viruses.
the human H3N2 strain which predominated during the 2003-2004 influenza season. The one SW from whom an influenza virus was isolated during the study (influenza A H3N2) was unvaccinated and seroconverted to human A ⁄ Panama ⁄ 2007 ⁄ 99 (H3N2), Sw ⁄ ONT ⁄ 00130 ⁄ 97 (huH3N2), and Sw ⁄ IA ⁄ H02AS8 ⁄ 02 (trH3N2). Table 4 summarizes and compares average antibody GMTs to the nine test viruses in SW S2 (end of influenza season) samples and the CP samples by age group. During both study years, SW GMTs were significantly higher than the CP for three swine H1 viruses [Sw ⁄ WI ⁄ 238 ⁄ 97 (cH1N1), Sw ⁄ IN ⁄ 9K035 ⁄ 99 (trH1N2), Sw ⁄ IA ⁄ H02NJ 56371 ⁄ 02 (trH1N1)] (P < 0AE0001). These differences were also statistically significant for the 36-45 year age group, the age group with the largest sample size. Among SW, receipt of seasonal human influenza vaccine was associated with higher GMTs to human viruses during both years (data not shown). Selected categories of swine H3N2 virus antibody levels were also associated with seasonal human influenza vaccination history (data not shown).
Discussion
This 2-year prospective study of exposure to and transmission of swine influenza viruses between pigs and occupationally exposed SW highlights the potential for transmission of influenza viruses between people and pigs and the diversity of influenza viruses in both species. While no symptomatic illnesses prompted the isolation of swine influenza viruses from participating SW during the study period despite opportunities for exposure, serologic evidence of past infection with viruses of swine origin was found among SW and three workers seroconverted to one or more swine H1 viruses not in association with human seasonal influenza vaccination. A human H3N2 virus was isolated from one SW during year 2 of the study and 29% of unvaccinated workers seroconverted to this virus, indicating infection during the study period, and an outbreak among pigs caused by a trH3N2 strain containing a human-lineage H3 Ha gene was documented.
During and between the two study years, September 2002-May 2004, a time period during which the routine practices of the swine production company did not include vaccination of pigs with swine influenza vaccine, 17 influenza outbreaks were laboratory confirmed (rRT-PCR and ⁄ or virus isolation) among 20 swine respiratory outbreaks where samples were collected. Viruses isolated from these outbreaks were triple-reassortant H1N1 and H3N2 viruses. Most SW touched pigs at least daily and at least 42% reported respiratory symptoms among the pigs under their care during the course of each study year. (2) 4 (22) 1 (6) 3 (17) 7 (12) S1 = blood sample collected at beginning of study year; V1 = blood sample collected at least 2 weeks after vaccination among swine worker participants who elected to be vaccinated with human seasonal vaccine during the study season; S2 = blood sample collected at end of study year; c = classical swine virus lineage; tr = triple-reassortant virus lineage; hu = human virus lineage. *With seasonal influenza vaccine during the study period. **% of seroconversions to specific virus during study year among either vaccinated or unvaccinated participants. ***Virus stock had some evidence for a mixed isolation of both H1N1 (predominant) and H3N2 (minor component) swine viruses. Furthermore, the majority (63-68%) had five or more years of experience in working with pigs. During the 5 years preceding the study, classical swine and triple-reassortant H1N1 and triple-reassortant H3N2 and H1N2 were common among US pigs, while prior to 1998, classical H1N1 swine was the only virus to circulate widely among North American swine herds. A recent report described 11 sporadic cases of infection of humans with triple-reassortant swine influenza A (H1), 13 but none were among SW and most occurred in children who had visited a county or state fair. In our study, participants were adults who likely had previous exposure to swine influenza viruses and, hence, were likely to have pre-existing antibody to these viruses and may have been more likely to develop mild, subclinical, or no illness with repeat exposure to closely related virus strains containing the classic swine influenza HA. While every attempt was made to detect SW ILI episodes, delayed or under reporting of ILI may have limited our ability to isolate additional swine or human influenza viruses from SW.
In our study, SW were found to have higher GMTs to all three swine H1 viruses than the CP. Because human H1 HA and classical swine H1 HA are antigenically distinct, they are readily distinguishable by serology using HI. In contrast, the H3N2 swine test viruses contained HA genes of human H3 influenza virus lineage and seropositivity to the human H3N2 viruses resulted in cross-reactivity to the swine H3N2 strains, making it difficult to distinguish differences in antibody level to swine viruses between the SW and the CP.
Nearly all instances that met criteria for seroconversion to swine viruses occurred with concurrent seroconversion to human influenza viruses at equivalent or higher titers. Most seroconversions to swine viruses were associated with the receipt of seasonal human influenza vaccine during the Our study is unique because surveillance for influenza among swine-exposed humans and pigs was performed in parallel, allowing for enhanced surveillance among humans during swine outbreaks and serologic testing for specific swine influenza viruses to which the participants were likely exposed. The prospective design was intended to examine the rate of transmission between pigs and humans which, during the period of surveillance in our study, was low.
Our study had a number of limitations. The study periods were temporally aligned with the human influenza season, but respiratory illness outbreaks also occurred among pigs during the summer months when surveillance was not occurring in people. Sample sizes limited some analyses for individual influenza virus strains and limited our ability to perform a multivariable analysis to examine the relative contribution of vaccination in comparison with other environmental exposures. Because our control group was comprised of anonymous blood donors, we were unable to control for prior pig exposure or influenza vaccination among the CP.
Although the rate of symptomatic infection among the adult SW participants detected in our study was low, the high level of pre-existing antibody to swine viruses in comparison with the general population suggests a high incidence of infection during their swine farming careers. The unvaccinated SW population also had a high rate of seroconversion to a seasonal human influenza virus strain. The prevalence of antibodies to swine viruses in people and the numerous different reassortant viruses identified in pigs highlights the potential for interspecies transmission and mixing of influenza viruses between people and pigs and the potential for the generation of novel influenza A viruses. While case reports of symptomatic swine influenza virus infections have not involved SW, they may serve as an important sentinel population for the emergence of new antigenic variants of influenza viruses of swine origin. Therefore, routine surveillance of SW and pigs may serve as an early warning system for the identification of novel influenza viruses with pandemic potential. Influenza vaccination is now recommended for all persons 6 months of age and older in the United States. Routine annual influenza vaccination of SW with human seasonal influenza vaccine may reduce the risk of transmission of human influenza viruses to pigs.
Disclaimer
The views expressed in this article are those of the authors and do not necessarily reflect those of the Centers for Disease Control and Prevention or the institutions affiliated with coauthors.
